Load-related brain activation predicts spatial working memory performance in youth aged 9–12 and is associated with executive function at earlier ages  by Huang, Anna S. et al.
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Spatial  working  memory  is  a  central  cognitive  process  that  matures  through  adolescence  in conjunction
with  major  changes  in  brain  function  and  anatomy.  Here  we  focused  on  late  childhood  and  early ado-
lescence  to more  closely  examine  the  neural  correlates  of performance  variability  during  this  important
transition  period.  Using  a modiﬁed  spatial  1-back  task  with  two memory  load  conditions  in an  fMRI  study,
we examined  the relationship  between  load-dependent  neural  responses  and  task  performance  in a sam-
ple  of 39 youth  aged  9–12  years.  Our  data  revealed  that  between-subject  differences  in  task  performance
was  predicted  by load-dependent  deactivation  in default  network  regions,  including  the  ventral  ante-
rior cingulate  cortex  (vACC)  and  posterior  cingulate  cortex  (PCC).  Although  load-dependent  increases  in
activation in  prefrontal  and  posterior  parietal  regions  were  only  weakly  correlated  with  performance,efault network
readolescence
MRI
increased  prefrontal–parietal  coupling  was  associated  with  better  performance.  Furthermore,  behavioral
measures  of  executive  function  from  as  early  as age 3 predicted  current  load-dependent  deactivation  in
vACC and PCC.  These  ﬁndings  suggest  that  both  task  positive  and task  negative  brain  activation  during
spatial  working  memory  contributed  to successful  task  performance  in late  childhood/early  adolescence.
This  may  serve  as  a good  model  for studying  executive  control  deﬁcits  in  developmental  disorders.
©  2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND. Introduction
As a central form of executive function, working memory is
equired for the optimal performance of goal directed behaviors.
patial working memory refers to the temporary maintenance
f object location and the ability to manipulate this information
Logie, 1995). Neuroimaging studies have shown that the neural
rchitecture of spatial working memory in young adults involves a
roup of frontal and parietal regions including the dorsolateral pre-
rontal cortex (DLPFC), frontal eye ﬁelds (FEF), pre-supplementary
otor area (pre-SMA), superior (SPL) and inferior parietal lobules
IPL) and intraparietal sulcus (IPS) (Courtney et al., 1997; Leung
t al., 2004). Similar frontal and parietal regions are found to be
nvolved in spatial working memory in children and adolescents
Geier et al., 2009; Nelson et al., 2000; Thomas et al., 1999), though
ounger individuals (aged 9–12) appeared to show weaker neural
∗ Corresponding author at: Department of Psychology, Stony Brook University,
tony Brook, NY 11794-2500, United States.
E-mail address: hoi-chung.leung@stonybrook.edu (H.-C. Leung).
ttp://dx.doi.org/10.1016/j.dcn.2015.10.007
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article 
/).license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
responses to increased memory load compared to older individuals
(aged 13–18) (Klingberg et al., 2002) and even weaker in compar-
ison to adults (aged 20–29) (Thomason et al., 2009). This weaker
load-related activation is thought to be related to lower working
memory capacity and immature fronto-parietal function in youth
(Giedd and Rapoport, 2010; Klingberg et al., 2002; Scherf et al.,
2006).
Several cross-sectional neuroimaging studies have examined
the relationship between frontal and parietal activation and spatial
working memory performance in youth, but yielded mixed ﬁnd-
ings. An earlier study showed that activations in the left superior
frontal sulcus and left posterior parietal cortex (PPC) during spatial
delayed recognition were associated with better working memory
capacity, measured outside the scanner, in a group of 9–18 year olds
(Klingberg et al., 2002). Greater activation in the left PPC was  also
associated with better performance on a spatial 1-back task during
fMRI in a group of youth aged 12–17, with the inferior parietal areas
further associated with better executive function measured outside
of the scanner using the Trail Making Task (Nagel et al., 2005). How-
ever, the same study found a positive correlation between ventral
anterior cingulate cortex (vACC) activation and working memory
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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erformance (measured by a backward digit span and an arith-
etic task outside the scanner), while many other frontal areas
ncluding the medial superior frontal gyrus and bilateral inferior
rontal gyri showed a negative correlation. In contrast, Olesen and
olleagues (2007) found no signiﬁcant correlation between spatial
orking memory performance and activation in the prefrontal or
arietal areas in a group of 13 year olds, though a signiﬁcant posi-
ive correlation between performance and parietal activation was
ound when adults (mean age 22.8) were included in the sample.
hese previous studies showed some evidence that better spatial
orking memory performance is associated with greater frontal
nd parietal activation in samples with a wider age range or in older
ndividuals, though this may  not extend to a narrower age range or
ounger individuals. Thus, the relationship between neuropsychol-
gical measures of working memory and executive function with
rontal and parietal activation during working memory remains
nclear.
Along with increases in fronto-parietal activation, task-related
ecreases are frequently seen in a set of regions including the
ACC and posterior cingulate cortex (PCC) commonly known as
he default network (Greicius and Menon, 2004; Greicius et al.,
003; Raichle and MacLeod, 2001; Shulman et al., 1997). Previ-
us neuroimaging studies showed that the magnitude of vACC
nd PCC deactivation increases with increasing task demand as
ompared to rest/baseline conditions (Li et al., 2007; McKiernan
t al., 2003; Thomason et al., 2008), though both task-positive and
ask-negative networks are based on contrasts relative to base-
ine. While the speciﬁc role of vACC and PCC in working memory
emains unclear, it has been suggested that their deactivation is
elated to the ability to ignore task irrelevant information (Chadick
nd Gazzaley, 2011). Few studies have examined the role of
efault network regions in spatial working memory performance,
hough positive correlations between the degree of deactivation
n default network regions and performance during non-spatial
orking memory tasks have been observed in adults (Anticevic
t al., 2010; Prakash et al., 2012). It is less clear whether simi-
ar deactivation patterns exist in younger individuals. The default
etwork is known to undergo functional and structural changes
hrough adolescence (Fair et al., 2008; Supekar et al., 2010; for
eview see Power et al., 2010). In a recent fMRI study with a
arge group of youth (ages 8–21) it was found that greater task-
elated deactivation in default network regions predicted better
erformance on a non-spatial n-back task with fractal visual stim-
li (Satterthwaite et al., 2013). However, an earlier fMRI study
f spatial working memory in youth (age 12–17) reported both
ositive and negative correlations between performance and deac-
ivation of different default network regions (Nagel et al., 2005).
he mixed ﬁndings could be due to parameter differences across
tudies and in participant age ranges. Thus, studying task-related
eactivation during working memory in comparison with task-
elated activation with a more restricted age range would extend
ur understanding of their contribution to performance variability
n youth.
Our goal in this study was to examine the relationship between
patial working memory and activation of the fronto-parietal and
efault network regions during late childhood and early adoles-
ence, as working memory ability varies widely across individuals
n this age range (Farrell Pagulayan et al., 2006; Gathercole et al.,
004) and large variability in the development of various corti-
al systems have been reported (Giedd and Rapoport, 2010). We
sed a modiﬁed spatial 1-back task with two load conditions to
nvestigate the relationship between neural responses to spatial
orking memory load and performance variability in a sample of
outh with a narrow age range (9–12). We  used whole brain multi-
le regression, regions of interest (ROI), and functional connectivity
o analyze the data.tive Neuroscience 17 (2016) 1–9
It is well recognized that pronounced individual differences
in working memory performance exist throughout childhood and
adolescence. Previous longitudinal studies suggested that frontal
and parietal activity predicts cognitive abilities later in develop-
ment (Darki and Klingberg, 2014; Dumontheil and Klingberg, 2012;
Ullman et al., 2014), it is therefore plausible that executive function
abilities at earlier stages of development predict performance and
brain activation during a later stage. To address this latter issue,
we examined whether executive function ability measured at prior
time points (ages 3, 6 and 9) predicted current spatial working
memory performance and load-related neural activation at time
of scanning.
2. Methods
2.1. Participants
Participants were a subsample of a larger sample of 559 sub-
jects enrolled in the Stony Brook Temperament Study. Families
were recruited from the community using commercial mailing lists,
and participants were evaluated at 3, 6, and 9 years of age. A sub-
group of 80 participants were recruited for a neuroimaging study
1–3 years after the age 9 assessment. 68 of these participants (85%)
completed the working memory task during fMRI. These partici-
pants had no history of major medical conditions and had at least
one English speaking biological parent. 29 subjects were excluded
from the analyses: 17 had missing behavioral data, 4 appeared to
have misunderstood the task instructions (performing the task as
a delayed match-to-sample task instead), 4 were behavioral out-
liers (with accuracy 3 standard deviations below average), and
another 4 had excessive head motion during fMRI. Thus, 39 partici-
pants (age 9–12 [mean = 11.1 ± 0.7], 43.6% female) were included in
the ﬁnal analysis. The Pubertal Development Scale (PDS) (Petersen
et al., 1988) was used to measure puberty score at the time of
fMRI. The participants had a mean puberty score of 8.37 ± 2.36;
one male participant did not complete the PDS. There was no sig-
niﬁcant difference in PDS scores between males (8.14 ± 2.13) and
females (8.65 ± 2.67) (t < 1). Age was  not correlated with puberty
scores (r = 0.28, p = 0.089), probably due to the restricted age range.
Informed consent was obtained from parents of the participants in
accordance with the Stony Brook University Institutional Review
Board.
2.2. Spatial working memory task paradigm and behavioral data
analysis (current age)
During fMRI, the participants performed a block design 1-back
spatial working memory task with two  load conditions (Load 1 and
Load 3). See Fig. 1 for a schematic of the paradigm. During the Load
1 condition, participants tracked the location of 1 rabbit stimulus
and in the Load 3 condition participants tracked the locations of 3
rabbit stimuli.
The two  load conditions were presented in blocks of 5 trials. On
each trial except the ﬁrst trial of each block, participants pressed
a button to indicate whether any rabbit was  in a different location
from the previous trial. In the Load 3 condition, only one of the
rabbits ever changed location on a trial (the participants were
made aware of this). To reduce verbalization, the rabbits were
located randomly around an invisible circle with a radius of 5
degrees visual angle. The participants did not report verbalization
as a strategy in the post experiment interview, though several
reported a shape forming strategy. The rabbits were presented
for 200 ms  and were an average size of 1◦ in visual angle. There
were 8 possible locations shifted between 5◦ to 10◦ from regular
clock orientation to prevent verbalization and the locations were
A.S. Huang et al. / Developmental Cogni
Fig. 1. Spatial working memory task paradigm. (A) A schematic of the block
sequence of task (Load 1 or Load 3) and ﬁxation periods in a run. (B) A schematic
showing a yes and no trial in Load 1 and in Load 3. In each task block, subjects were
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tresented with either 1 (Load 1) or 3 (Load 3) rabbits at different locations and were
equired to track these locations and make yes/no responses through 5 trials per
lock. Delay between trials was jittered (2.3, 3.3 or 4.8 s). (Stimuli not to scale).
asked with 8 rabbit holes (average 1 degree of visual angle)
resented during a variable inter-trial interval (ITI) of 2.3, 3.3 or
.8 s, with an average ITI of 3.2 s. Each task block lasted 17 s and
as followed by a 13 s no-task ﬁxation period. Each run started
ith 6 s of dummy  scans and 6 s of ﬁxation and lasted 4 min  12 s.
here were 2 runs and 8 task blocks per run, with 4 blocks per load
ondition per run, for a total of 16 blocks. Participant responses
ere collected with a button box held by both hands. Participants
ere instructed to respond with their left and right index ﬁngers
yes and no responses were counterbalanced across participants).
ach participant practiced the task for 10 min  before scanning.
Behavioral data from the spatial working memory task were
nalyzed with SPSS (Statistics 22, IBM). For task performance we
alculated d′, a measure of discriminability in signal detection the-
ry, from the z-transformed hits and false alarm scores (Peterson
t al., 1954). All trials except the ﬁrst trial of each block contributed
o the hits and false alarm calculation. The average reaction time
RT) of each participant was calculated from correct trials after
emoving outliers more than 3 standard deviations away from the
articipant’s mean reaction time. Paired t-tests were used to exam-
ne the signiﬁcance of task performance differences between the
wo load conditions. A bivariate correlation matrix was calculated
y correlating age (in months), PDS score, d′ and RT to determine
otential inﬂuence of age and pubertal status on task performance.
.3. Behavioral measures of executive function at age 3, 6 and 9
At age 3, participants completed several subscales of the Devel-
pmental Neuropsychological Assessment (NEPSY) (Korkman et al.,
998). We  used the visual attention (VAST) subscale as an index of
isuo-spatial ability. This subscale requires the participant to scan
n array of ﬁgures to locate and mark a target ﬁgure (a cat). The
AST subscale was scored by summing the number of correct tar-
ets, subtracting the number of incorrect targets and adjusting for
peed.
At age 6, participants completed two tasks commonly used
o index executive function. The Backward Color Span Task,tive Neuroscience 17 (2016) 1–9 3
which requires participants to name colors in reverse order of
presentation (Gathercole and Pickering, 2000) and the Trail Mak-
ing Task (Reitan and Wolfson, 1985), which requires participants
to draw a trail through a number of letters and numbers, alternat-
ing between the two domains, in alphabetic and numerical order.
The time taken to complete this trail was  taken as the performance
measure, which was reverse scored by reversing the sign to allow
for compatible interpretation of the results across tasks.
At age 9, participants completed the standard Backward Digit
Span Task, which requires them to remember a list of digits and
then recall in reverse order. They also completed the Trail Making
Task.
2.4. Image acquisition
Participants lay supine in a 3T Siemens Tim Trio whole-body
MRI  system (Siemens Medical Solutions, Erlangen, Germany)
and viewed visual stimuli projected to a screen through a mirror
mounted on the head coil. Whole brain, high resolution structural
anatomical images were acquired in the sagittal plane with a T1
weighted MPRAGE scanning sequence (TR = 2400 ms;  TE = 3.16 ms;
slices = 176; ﬂip angle = 8◦; FOV = 256 × 256; matrix = 256 × 256;
resolution = 1 × 1 × 1 mm3). A second set of T2-weighted struc-
tural images were collected in the axial plane oblique to the
AC-PC (TR = 6450; TE = 88; slices = 37, 3.5 mm with 0 mm gap;
ﬂip angle = 120◦; FOV = 256 × 256; matrix = 256 × 256; resolu-
tion = 1 × 1 × 3.5 mm3). Two runs of functional images were
acquired in the axial plane oblique to the AC–PC with a T2*-
weighted single-shot echo-planar pulse sequence (TR = 2000 ms;
TE = 26 ms;  slices = 37; ﬂip angle = 90◦; FOV = 224 × 224;
matrix = 64 × 64; resolution = 3.5 × 3.5 × 3.5 mm3; 126 volumes
per run).
Before scanning, all participants went through a mock scan-
ning session to acclimate them to the scanning environment. The
mock scanning was done with a MRI  simulator (Model number:
PST-100355 from Psychological Software Tools, USA). During mock
scanning, an audio simulation of scanner noise was  played to the
participants. Feedback was given to the participants regarding
head movement using the Flock of Birds motion tracking system
(Ascension Technology Corporation, USA) and the MoTrack motion
tracking software (Psychology Software Tools, USA). Motion feed-
back was only given to the participants during mock scanning.
During both mock scanning and scanning sessions, the participants’
heads were stabilized in the head coil using foam pads around the
head to minimize motion.
2.5. Image processing and analysis
All images were preprocessed in SPM8 (Welcome Trust Center
for Neuroimaging, University College London, http://www.ﬁl.ion.
ucl.ac.uk/spm/). The ﬁrst 3 volumes of each functional run were
discarded to allow T2* signal to reach equilibrium. The remaining
functional images were corrected for differences in slice acquisi-
tion timing and head motion. A mean EPI image was  then generated
from the realigned images. T2 weighted inplane structural images
were co-registered with the mean EPI image, then MPRage images
were co-registered to the T2 weighted inplane structural image.
Segmentation was  applied to the high resolution T1 structural
image and segmented images were normalized to the Montreal
Neurological Institute (MNI) template. The same transformation
parameters were then applied to all functional images. Finally, all
functional images were spatially smoothed with a Gaussian kernel
of 6 mm at full-width half-maximum and were high-pass ﬁltered
with a cutoff of 1/128 Hz.
For each participant, a general linear model (GLM) was con-
structed that included two  conditions (Load 1 and Load 3). Trial
4  Cognitive Neuroscience 17 (2016) 1–9
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Fig. 2. (A) Effects of spatial working memory load. Load-related activations are
shown with a contrast of Load 3 > Load 1. Greater increases and decreases in BOLD
signal with load demand are shown in hot and cool colors, respectively. (B) Correla-
tion between load-related BOLD signal and task performance (d′). Results are from
multiple regression analyses overlaid on the task-related deactivations during both
Load 1 and Load 3 (blue). Cyan color indicates regions that show a negative correla-
tion between load-related activity and d′ across subjects. Whole-brain maps were
cluster-corrected for multiple comparisons at p < 0.05 and displayed at p < 0.001,
uncorrected with clusters size ≥12. (C) Scatter plots showing correlation between
load-related BOLD signal (Load 3 > Load 1) in selected ROIs and task performance
(d′) across subjects. Bilateral middle frontal gyrus (MFG; −36, 44, 20 and 40, 32, 30)
and  bilateral inferior parietal lobule (IPL; −36, −50, 40 and 40, −48, 3) ROIs were
deﬁned according to Owen et al. (2005) and the ventral anterior cingulate cortex
(vACC; 2, 32, −8) posterior cingulate cortex (PCC; −4, −52, 22) ROIs were deﬁned A.S. Huang et al. / Developmental
nsets for each load condition were entered as regressors in the
LM. Error trials were modeled with a separate regressor, but were
ot further investigated (14% on average, ranging from 5–30%).
ead motion was further corrected by including 6 motion param-
ters in the x, y, z, roll, yaw and pitch, as well as motion outliers
s regressors in the GLM. Motion outliers were deﬁned as volumes
ith a scan-to-scan motion greater than 0.5 mm in either the x,
 or z plane, or 0.01 radians in either the roll, pitch or yaw rota-
ion, using the Artifact Detection Tools (ART) (http://www.nitrc.
rg/projects/artifact detect/). On average 17% of scans were identi-
ed as outliers per run (ranging from 5% to 31% across subjects).
uns were excluded from analysis if more than 1/3 of volumes
ere outliers. There was no signiﬁcant relationship between par-
icipants’ motion and age or between motion and performance
−0.2 < r’s < 0.2, p’s > 0.1). A second level univariate analysis was
one to investigate blood–oxygen-level-dependent (BOLD) activa-
ion in response to load demand (Load 3 > Load 1) using a t-test.
A multiple regression was performed to examine group level
orrelations between load-dependent brain activation, age (in
onths) and task performance (d′) across participants. A similar
ultiple regression was done with PDS scores and task perfor-
ance (d′). In each multiple regression model, we entered each
articipant’s Load 3 > Load 1 contrast values into the model with
ge/PDS scores and performance as covariates. This regression
odel allowed us to investigate the relationship between perfor-
ance and BOLD responses to load with developmental measures
age and PDS scores) being controlled for and vice versa. Three more
ultiple regressions were conducted to test if the results were sen-
itive to model parameters. Each model used the Load 3 > Load 1
ontrast from all participants but included only one covariate either
ge, PDS scores or performance. The combined models generated
imilar results to the independent models, so only the results from
he combined models are reported here.
Unless otherwise stated, all whole-brain maps at the group level
ere thresholded at p < 0.001, uncorrected and statistical signif-
cance with multiple comparisons corrected at the cluster level
t p < 0.05, false discovery rate (FDR). Figures are displayed at
 < 0.001, uncorrected with clusters size ≥12.
.6. ROIs
To further examine the relationship between load-dependent
OLD activation and behavioral measures, we deﬁned a set of 4
OIs (spheres of 8 mm radius) chosen from the literature. A single
OI was constructed from two spheres, one in the left and another
n the right middle frontal gyrus (MFG) (−36, 44, 20 and 40, 32, 30
espectively), a second ROI was created with two  spheres in the
eft and right IPL regions (−36, −50, 40 and 40, −48, 38 respec-
ively), all spheres were centered on peak coordinates from Owen
t al.’s (2005) meta-analysis of n-back task-related activations.
hese areas are known to be part of the executive control network.
wo more ROIs were created from two default network regions
ere chosen from Laird et al.’s (2009) meta-analysis on the default
etwork, a vACC ROI (2, 32, −8) (referred to as ACC in Laird et al.,
009) and a PCC ROI (−4, 52, 22). Mean beta values for each subject
ere extracted for the Load 3 > Load 1 contrast using the MarsBar
oolbox (http://marsbar.sourceforge.net/). Pearson’s r correlation
as calculated between the mean beta values for each ROI with
ask performance (d′).
We  further examined whether the regions that show correla-
ions with behavior (from the multiple regression analyses) are
lso correlated with visuospatial attention and executive function
ehavioral measures collected prior to scanning, at ages 3, 6 and
. A single ROI was created for this analysis by selecting signiﬁcant
lusters from the d′ multiple regression analysis (p < 0.001, uncor-
ected) (see Fig. 2(B)), including activation in the vACC (−6, 32,according to Laird et al. (2009). ** signiﬁcant to p < 0.01. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web  version of
this article.)
−11, cluster size = 77 voxels) and PCC (3, −52, 22, cluster size = 27
voxels).
Three more ROIs in frontal and parietal regions were constructed
based on the univariate Load 3 > Load 1 contrast for functional con-
nectivity analyses. These ROIs included the right MFG  (sphere of
8 mm at 42, 35, 7), the inferior frontal junction (IFJ) (two spheres
of 8 mm at −48, 2, 31 and 48, 5, 28), and the IPL (two spheres of
8 mm at −36, −37, 43 and 48, −31, 43). The vACC and PCC ROIs
used for functional connectivity were the same as those used for
the correlation with performance.
2.7. Functional connectivity analysisSeed-based functional connectivity analysis was  conducted
using data from the entire working memory task period. Basic pre-
processing was  done in the same manner as the univariate analysis
described above. Further processing was conducted on the data
 Cognitive Neuroscience 17 (2016) 1–9 5
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Table 1
Suprathreshold activations in the Load 3 > Load 1 contrast, and correlations between
load related activity and d′ . Signiﬁcance threshold is at p <0.05 FDR cluster corrected.
Abbreviations: frontal eye ﬁelds (FEF), middle frontal gyrus (MFG), inferior frontal
junction (IFJ), medial superior frontal gyrus (mSFG), supplementary motor area
(SMA), pre-supplementary motor area (pre-SMA), superior parietal lobule (SPL),
inferior parietal lobule (IPL), intraparietal sulcus (IPS), lateral occipital gyrus (LOG),
inferior temporal gyrus (ITG), superior temporal gyrus (STG), sensorimotor cor-
tex  (SMC), supramarginal gyrus (SMG), ventromedial prefrontal cortex (vACC) and
posterior cingulate cortex (PCC). L, left hemisphere; R, right hemisphere.
Region t value Cluster size MNI Coordinates (mm)
x y z
Load 3 > Load 1: Task Positive Activity
Frontal
L FEF 6.15 139 −24 −1 58
L  IFJ 7.63 190 −48 2 31
R  FEF 7.87 169 27 −7 52
R  MFG 5.38 80 42 35 7
R  IFJ 10.20 224 48 5 28
mSFG (pre-SMA) 4.91 49 −3 20 43
Parietal
L  SPL 11.22 2437 −18 −64 52
L  IPL 9.54 −36 −37 43
L  IPS 10.36 −24 −73 31
R  SPL 12.87 2714 21 −61 58
R  IPL 8.49 48 −31 43
R  IPS 11.07 30 −82 31
Temporo-occipital
L  LOG/ITG b 11.33 −36 −82 13
R  LOG/ITG c 12.72 48 −64 −8
Load  3 > Load 1: Task Negative Activity
Frontal
SMA  4.43 108 −3 −22 46
Parietal
L  SMG  6.42 238 −57 −52 43
R  SMG  5.71 321 48 −58 28
Precuneus/Cuneus 5.61 345 0 −82 31
PCC  5.56 71 12 −55 31
R  SMC  4.38 74 42 −19 64
Negative correlation between load effect and d′ in load-dependent regions
vACC 5.91 77 −6 32 −11
PCCa 3.85 27 3 −52 22
aA.S. Huang et al. / Developmental
o make them suitable for functional connectivity analysis using
he CONN toolbox (Whitﬁeld-Gabrieli and Nieto-Castanon, 2012;
ttp://www.nitrc.org/projects/conn). Despiking was ﬁrst applied
o the data, followed by regressing out nuisance variables, including
SF and white matter signal, motion parameters and outlier scans
deﬁned as global motion greater than 0.5). A band pass ﬁlter of
.008–0.09 Hz bandwidth was applied last. Seeds were the ROIs in
he right MFG, IFJ, IPL, PCC and vACC described in the last section.
verage time series was  calculated for each seed region, and then
ts correlations with the time series of voxels in the rest of the brain
ere calculated. Group level regression analysis was  conducted to
etermine the correlations between seed-based functional connec-
ivity and working memory task performance (d′) across subjects.
. Results
.1. Behavioral results
As expected, participants performed better on the Load 1 com-
ared to Load 3 condition, with higher d′ (Load 1: 2.81 ± 0.62;
oad 3: 1.79 ± 0.70; t(38) = 8.44, p < 0.001) and faster response
imes (Load 1: 1107 ± 272 ms;  Load 3: 1210 ± 304 ms;  t(38) = −4.29,
 < 0.001). There was no main effect of gender or interaction
etween load and gender (F’s < 1) on d′. There was  also no effect
f gender on RT (F < 1), but there was a trend toward signiﬁcance
n interaction between gender and load (F(1,37) = 3.72, p = 0.062).
o signiﬁcant correlations were found between PDS scores, age, d′
nd RT (−0.1 < r’s < 0.1, p’s > 0.1), though the correlation between
ge and PDS scores was trending to signiﬁcance (r = 0.28, p = 0.089).
There were signiﬁcant positive correlations between spatial
orking memory performance (d′) at the current age and Trail Mak-
ng Task (reversed) at age 9 (r = 0.42, p < 0.01) and age 6 (r = 0.50,
 < 0.01) and a trend toward signiﬁcance with NEPSY VAST scores
t age 3 (r = 0.31, p = 0.051). Correlations between d′ and Back-
ard Digit Span Task at age 9 (r < 0.3, p > 0.09) and Backward Color
pan Task at age 6 (r < 0.2, p > 0.10) did not reach the signiﬁcance
hreshold. Taken together, better spatial working memory task
erformance during the present fMRI study was  associated with
revious measures of executive function at younger ages.
.2. Working memory load-dependent activation and
eactivation
We  observed stronger activation in the prefrontal and parietal
ortices during the Load 3 condition relative to the Load 1 condition
f the current spatial working memory task in these participants.
peciﬁcally, regions that showed a signiﬁcant increase in activation
ith load included the pre-SMA, right MFG, bilateral FEF, IFJ, SPL,
PL and temporo-occipital regions (p < 0.05, FDR corrected clusters).
ee Fig. 2(A) for the group activation maps and Table 1 for the peak
o-ordinates.
Load-dependent decreases in activation were also observed,
ith stronger deactivation in the supplementary motor area
SMA), precuneus/cuneus, bilateral supramarginal gyrus (SMG),
ight sensorimotor cortex (SMC), and PCC in Load 3 compared to
oad 1 (p < 0.05, FDR corrected clusters) (see Fig. 2(A) and Table 1).
.3. Correlation between current spatial working memory
erformance and activation in fronto-parietal regions
To examine whether individual differences in load-dependent
ctivation varied in association with their working memory perfor-
ance (d′), we applied whole-brain multiple regression analyses.
e did not ﬁnd any suprathreshold correlations between load-
elated responses in frontal or parietal regions and performance
t p < 0.001 (see Fig. 2(B) and (C)). As fronto-parietal activity hasCluster at p < 0.001, uncorrected (FDR = 0.253).
b Part of the L SPL cluster.
c Part of the R SPL cluster.
previously been associated with better performance, we examined
whether such correlations exist at more lenient thresholds. Only
a very lenient threshold (p < 0.05, uncorrected) revealed a positive
correlation between performance (d′) and load-related responses
in the right FEF and left IPL (data not shown). Using ROIs from the
literature (Owen et al., 2005), we also found no signiﬁcant corre-
lations between task performance and load-related responses in
MFG  and IPL (r’s < 0.2, p’s > 0.1).
Functional connectivity analysis, however, revealed that better
working memory performance across subjects is correlated with
stronger coupling between the IFJ seed and bilateral SPL and IPL
(p < 0.05, FDR corrected clusters) (see Fig. 3). Similar effects were
not observed for the right MFG  or IPL seeds.
3.4. Correlation between current spatial working memory
performance and deactivation in default network regions
Whole-brain multiple regression analyses revealed
suprathreshold negative across-participant correlations between
task performance and load-dependent decreases in activation
(Load 3 > Load 1) in the vACC (p < 0.05, FDR corrected clusters) and
the PCC (p < 0.001, uncorrected) (see Fig. 2(B) and Table 1). These
6 A.S. Huang et al. / Developmental Cognitive Neuroscience 17 (2016) 1–9
Fig. 3. Functional connectivity of prefrontal areas in association with task perfor-
mance. Bilateral inferior frontal junction seed (IFJ; −48, 2, 31 and 48, 5, 28) are
presented in yellow. Green shows IFJ functional connectivity with posterior parietal
areas that increases with higher performance scores (d′). Whole-brain maps were
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Fig. 4. Correlation between load-related deactivations (Load 3 > Load 1) and cog-
nitive performance at earlier ages. (A) The ROI, comprised of vACC (−6, 32, −11)
and  PCC (3, −52, 22) was deﬁned from clusters found in the whole brain multi-
ple  regression analysis. (B) NESPY visual attention (VAST) scores at age 3. (C andluster-corrected for multiple comparisons at p = 0.05 and displayed at p < 0.001,
ncorrected with clusters size ≥12. (For interpretation of the references to color in
his  ﬁgure legend, the reader is referred to the web version of this article.)
esults showed that greater activation differences in the vACC
nd PCC areas for the high load relative to the low load condition
i.e., less deactivation at higher load) is associated with poorer
orking memory performance for this group of participants.
imilar results were conﬁrmed using ROIs from the literature
see Fig. 2(C)). However, seed regions in the default network did
ot show functional connectivity patterns that were signiﬁcantly
ssociated with task performance across participants.
.5. Correlation between behavioral measures at age 3, 6 and 9
nd current load-related responses
We  further examined whether the parts of PCC and vACC that
howed load-related responses in association with task perfor-
ance were also associated with executive function performance
easured at earlier ages: 3, 6 and 9. An ROI including the PCC
nd vACC clusters from the multiple regression between load-
ependent activation and task performance was used in this
nalysis. As shown in Fig. 4, greater load-dependent deactivations
n the ROI were correlated with better performance on the Trail
aking Task at age 9 (r = −0.365, p < 0.05, which did not survive
onferroni correction) and age 6 (r = −0.443, p < 0.01), as well as
EPSY VAST at age 3 (r = −0.441, p < 0.01). The correlation between
oad-dependent deactivation and Backward Digit Span Task at age
 was signiﬁcant (r = −0.406, p < 0.01), but not the Backward Color
pan Task at age 6 (r = 0.007, p > 0.1).
For comparison purposes, we also examined the associations
etween these attention/executive function measures from earlier
ime points and the load-related responses of the prefrontal and
osterior parietal regions observed at the current age. There was
 correlation between the right MFG  ROI and backward digit span
t age 9 (r = −0.32, p < 0.05, which did not survive Bonferroni cor-
ection), but no signiﬁcant correlations were found between the
PL ROI and behavioral measures from earlier ages (−0.3 < r’s < 0.3,
 > 0.1). Taken together, these results suggest that load responses
f the default network regions (vACC and PCC) in this group of par-
icipants at ages 9–12 are more closely related to their executive
unction at earlier time points.. Discussion
In this study, we investigated the relationship between fronto-
arietal and default network regions and spatial working memoryD). Trail Making Part B time scores (reverse scored with positive values for better
performance) at ages 6 (C) and 9 (D). * signiﬁcant to p < 0.05, ** signiﬁcant to p < 0.01.
performance in a sample of youth in late childhood or early adoles-
cence. We  also investigated whether previous executive function
abilities at younger ages were associated with current brain activa-
tion during working memory. We  found load-dependent increases
in BOLD signal in prefrontal and posterior parietal regions and load-
dependent decreases in default network regions. Across subjects,
better working memory performance was signiﬁcantly associ-
ated with greater load-dependent deactivation of default network
regions but not with activation of frontal or parietal regions.
However, functional connectivity analysis revealed that stronger
coupling between prefrontal (IFJ) and posterior parietal areas was
signiﬁcantly associated with better task performance across sub-
jects. Intriguingly, we  found that executive function measures
taken at ages 3, 6, and 9 were also positively correlated with load-
dependent deactivation of the default network at time of scanning
(aged 9–12).
The increased activation in frontal and parietal regions and
decreased activation in lateral and medial parietal regions with
increasing memory load suggest that similar brain systems are
involved during spatial working memory in 9–12 year old youth as
in adults. These ﬁndings are consistent with the literature on spatial
working memory in adults (Courtney et al., 1997; Hampson et al.,
2006; Leung et al., 2002; McKiernan et al., 2003) and youth at this
age (Thomason et al., 2008, 2009). Increased prefrontal activation
in response to a spatial working memory task compared to rest has
been found in a near infrared spectroscopy study with preadoles-
cent children between ages 3–7 (Perlman et al., 2015), suggesting
that the fronto-parietal architecture for working memory is likely in
place early in development, though changes to this system continue
through adolescence (Geier et al., 2009; Klingberg, 2006; Klingberg
et al., 2002; Luna and Sweeney, 2001; Scherf et al., 2006; Velanova
et al., 2008).
Frontal and parietal activation have previously been associated
with individual differences in spatial working memory perfor-
mance in youth aged 9–18 (Klingberg et al., 2002; Olesen et al.,
2007; Spencer-Smith et al., 2013). In our sample of 9–12 year
olds, spatial working memory performance was  not signiﬁcantly
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orrelated with load-dependent brain activation in fronto-parietal
egions, even though robust load-dependent responses in these
egions were evident. A possible reason for the different ﬁndings is
ifferences in participant age ranges across studies. Previous stud-
es that found fronto-parietal activation predicting performance
sed a wider age range including older adolescents (Klingberg
t al., 2002; Mürner-Lavanchy et al., 2014; Nagel et al., 2005;
pencer-Smith et al., 2013) and young adults (Olesen et al., 2007)
n their samples. When restricted to a younger group at age 13,
lesen et al. (2007) found no signiﬁcant associations between
ctivation in fronto-parietal regions and spatial working mem-
ry performance. Spencer-Smith and colleagues (2013) found that
 neuropsychological measure of working memory performance
sing a shape location task with a progressively increasing span
as positively correlated with posterior parietal activation during
 spatial delayed match-to-sample task in older participants (10–12
ears) but not in younger participants (7–9 years). Taken together,
he magnitude of fronto-parietal activation and its relationship to
orking memory performance may  be age dependent. The lack
f a signiﬁcant association between frontal load-dependent BOLD
esponses with performance at younger ages may  be a result of the
rotracted development of the prefrontal cortex (Casey et al., 2005,
997; Crone et al., 2006; Geier et al., 2009; Giedd and Rapoport,
010; Scherf et al., 2006). As our study and others (Perlman et al.,
015) indicate that the prefrontal regions of older children and
arly adolescents are active during working memory, it is possi-
le that these regions are involved in supporting working memory
unctions between ages 9 and 12 or younger, but in a somewhat
ifferent manner compared to older individuals. Indeed, our data
howed that there was a signiﬁcant positive association between
he strength of fronto-parietal functional coupling during spatial
orking memory and performance differences across subjects. This
uggests that there is a potentially greater role of network activa-
ion rather than regional activation in supporting good working
emory performance at this stage of development, though further
tudies would be needed to determine if this network activation
uring both task and resting states reﬂect working memory per-
ormance.
In contrast to frontal and parietal regions, our data showed that
etter spatial working memory performance is signiﬁcantly asso-
iated with greater load-related regional deactivation in vACC and
CC. This ﬁnding is consistent with the emerging body of literature
howing that behavioral performance is associated with the degree
f deactivation in the default network during non-spatial work-
ng memory tasks in both adults and youth (age 8–22) (Anticevic
t al., 2012, 2010; Prakash et al., 2012; Sambataro et al., 2010;
atterthwaite et al., 2013). Our study shows that this correlation
etween task induced deactivation in default network regions and
erformance exists in spatial working memory as well as in a
ounger sample with a restricted age range. The exact function
f vACC and PCC deactivation during working memory is a sub-
ect of intense debate in the adult literature. While many studies
uggested that the medial default network regions play a gen-
ral role in cognition (Anticevic et al., 2012; Spreng and Grady,
010; Spreng et al., 2010), functional heterogeneity has also been
ound (Laird et al., 2009). Studies showing decreased activation
n response to greater cognitive load (McKiernan et al., 2003;
homason et al., 2008) have been interpreted as being a result of
ttention being allocated away from cognitive functions performed
y default network regions (Binder, 2012) or reduction of internal
r spontaneous thoughts (see Andrews-Hanna, 2012; Buckner et al.,
008 for review). A study of selective encoding of visual informa-
ion showed that stronger functional connectivity between default
etwork regions and visual association areas is associated with the
bility to ignore task-irrelevant information (Chadick and Gazzaley,
011). Therefore, it is possible that successfully shifting focus awaytive Neuroscience 17 (2016) 1–9 7
from distraction and reduction of default network activation con-
tribute to the success of working memory performance by focusing
on task relevant information (which seemingly involves frontal and
parietal activations [Corbetta and Shulman, 2002; Gazzaley and
Nobre, 2012]). Indeed, it has been shown that deactivation of the
default network predicted performance on a trial-by-trial basis in
adults (Anticevic et al., 2010; Li et al., 2007).
Coupling between vACC and PPC both at rest (during the rest
baseline of a working memory task and during resting state fMRI)
and during a working memory task have previously been shown
to be associated with non-spatial working memory performance
in adults (Hampson et al., 2006; Sambataro et al., 2010) though
we did not ﬁnd that to be the case in our sample of youth. Some
studies also suggested that the fronto-parietal and default network
are negatively correlated (Barber et al., 2013; Chai et al., 2012; Fox
et al., 2009) and that the degree of this anticorrelation during res-
ting state predict behavioral performance in a non-spatial working
memory task in adults (Hampson et al., 2010), as well as neuro-
psychological measures of working memory (Keller et al., 2015). In
developmental populations (ages 8–24), it has been shown that
the fronto-parietal network and default network anticorrelation
during resting state scans seem to increase with age (Chai et al.,
2014). It is possible that the relationship previously found between
default network coupling and performance emerges from the inter-
actions between the fronto-parietal network and default network,
and that this cross-network architecture is not yet fully developed
at the age of our sample (9–12). The coupling between default
network and fronto-parietal network nodes may  also differ as a
function of different working memory processes. A recent study
with a spatial delayed match-to-sample task found that the beta
series correlation between PCC and DLPFC was  only signiﬁcant dur-
ing the maintenance phase of the task, while the correlation within
the fronto-parietal network was signiﬁcant throughout the trial
(Piccoli et al., 2015), suggesting that the default network interaction
with the fronto-parietal network may  vary across different stages
of working memory. Further studies should examine whether they
interact differently during spatial working memory in comparison
to resting state (Kelly et al., 2008; Uddin et al., 2009).
The trajectory of maturation in brain systems and behavioral
performance is highly variable between individuals (Giedd and
Rapoport, 2010). Recent ﬁndings support this view by showing
that individuals with more mature patterns of brain activation and
structure perform better on non-spatial working memory tasks
(Erus et al., 2014; Satterthwaite et al., 2013). Our ﬁndings fur-
ther suggest that within individuals, executive function measures
obtained from earlier in childhood (age 3, 6 and 9) seemed to pre-
dict current spatial working memory performance and vACC and
PCC responses to working memory load. This suggests that up to
age 12, developmental trajectories within the default network may
be less variable within individuals, though this would need to be
further tested. Previous longitudinal studies have shown that struc-
ture and function in fronto-parietal regions predict cognition at a
later age (Darki and Klingberg, 2014; Dumontheil and Klingberg,
2012; Ullman et al., 2014). A study found that working memory
dependent activity in the PPC during a spatial working memory
task in a group of youth aged 6–16 years predicted arithmetic
performance two years later, and that there was an effect of task
dependent activity even after accounting for age (Dumontheil and
Klingberg, 2012). In another study by the same group, they showed
that BOLD responses during spatial working memory and fractional
anisotropy in and around the basal ganglia and anterior thalamus
seem to predict working memory capacity in a group of 6–20 year
olds two  years after scanning (Ullman et al., 2014). In contrast, our
retrospective analysis revealed that the cognitive performance of
participants at ages 3, 6 or 9 signiﬁcantly predicted load-dependent
brain activity in vACC and PCC rather than fronto-parietal regions.
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t is possible that the vACC and PCC regions contribute more to
ognitive performance in young children while the fronto-parietal
reas contribute more in older children. Further longitudinal stud-
es would be needed to distinguish the roles of default network and
ronto-parietal network in supporting working memory across age.
. Conclusion
In summary, our study suggests that activation in both the
efault network and fronto-parietal network during spatial work-
ng memory contributes to individual differences in behavioral
erformance even at a young age. In a group of youth 9–12 years of
ge, across participant differences in load-dependent deactivation
n vACC and PCC signiﬁcantly predicted better task performance
hile load-dependent activation in prefrontal and posterior pari-
tal areas did not. In contrast, stronger coupling between prefrontal
IFJ) and PPC predicted better working memory performance across
ndividuals, though coupling between default network regions did
ot. Furthermore, measures of executive function as early as age 3
ere predictive of better spatial working memory performance and
evel of load-dependent deactivation in default network regions at
he current age of 9–12 years. This suggests that there is a need
o investigate the relationship between performance and default
etwork deactivation at earlier ages. Our results have implications
or psychopathologies with onsets in adolescence and early adult-
ood, such as schizophrenia, which is marked by spatial working
emory deﬁcits (Lett et al., 2014) and dysfunction in the default
etwork (Whitﬁeld-Gabrieli and Ford, 2012).
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